This study aimed to investigate the influence of different overdenture attachment systems on the stress generated in peri-implant bone during overdenture dislodgement and loading. Two implants were placed in the canine regions on an acrylic edentulous mandibular model. Four strain gauges were attached to the resin surface adjacent to the left implant. Bar, ball, and magnetic attachments were examined. Three experimental overdentures were fabricated, and the denture parts of the attachment systems were incorporated into the mucosal surface. Retentive forces and strains generated in peri-implant bone during three types of dislodgement (vertical, anterior and posterior) and loading (left first molar region, right first molar region and mid-anterior region) were measured. The bar attachment showed the highest retentive force and reduced strain on posterior dislodgement. The ball attachment demonstrated the largest strain on loading at molar regions. The magnetic attachment showed the smallest retentive force and little strain.
INTRODUCTION
The aged population continues to increase worldwide 1, 2) . Even though there is a decline in total tooth loss in the United States, there will be a net increase in the number of edentulous people with the growing numbers of older people overall 3) . Therefore, the needs for treatment of edentulous patients are also expected to grow. The restoration of the edentulous mandible with an overdenture supported or retained by two implants placed in the interforaminal region is regarded as the first prosthodontic treatment option 4) . A healing period of 3 to 6 months before functional loading of the implants has been recommended for proper osseointegration 5) . However, this healing period prior to prosthesis placement might be intolerable aesthetically, functionally, psychologically and socially for edentulous patients 6) . Therefore, the period with no prosthesis is undesirable for edentulous patients, and immediate loading of mandibular two-implant overdenture is the most appropriate treatment option for edentulous patients.
Immediate loading of four splinted implants in the interforaminal region supporting mandibular overdentures retained by bar attachments was regarded as a predictable procedure because of the high survival rates, adequate number of subjects and long follow-up duration reported 7) . On the other hand, immediate loading of one or two implants supporting mandibular overdentures retained by bar attachments 8) , ball attachments [9] [10] [11] , locator attachments 12) or magnetic attachments 13) has been evaluated. However, the sample size was small, and the follow-up duration was only 1 year in those reports. Notably, Kronstrom et al. concluded that immediate loading of one or two implants supporting mandibular overdentures retained by ball attachments with O-rings should be performed with caution because the survival rate was 81.8% 10) . Therefore, the existing reports could not provide strong evidence for immediate loading of two implants supporting mandibular overdentures [8] [9] [10] [11] [12] [13] . The load on implants immediately after surgery may be sufficient to cause micro-damage in the peri-implant bone, even though a load of the same magnitude may not cause failure after achieving osseointegration 14) . Therefore, the protocol of immediate loading of implants supporting overdentures restricted overdenture removal by the subjects themselves [9] [10] [11] [12] or chewing hard food 11, 12) , in view of disturbing the process of osseointegration. Stress transferred to the implants or peri-implant bone under occlusal force to the implant overdentures has been well documented [15] [16] [17] [18] [19] [20] [21] [22] [23] , while stress around the implants during overdenture dislodgement has not been investigated in detail. Consequently, in vitro measurements on an edentulous mandibular model simulating the intraoral environment and an experimental mandibular two-implant overdenture by means of strain gauges attached to the bone adjacent to the implant were performed in this study.
The purpose of this in vitro study was to investigate the influence of different attachment systems for implant overdentures, namely the bar attachment, the ball attachment and the magnetic attachment, on the retentive forces and stresses generated in the peri-implant bone during overdenture dislodgement and loading. The working hypothesis was that the type of attachment system influences the retentive forces and stress generated in the peri-implant bone during overdenture dislodgement and loading.
MATERIALS AND METHODS

Attachment systems
The attachment systems examined in this study were as follows (Fig. 1 
Test model
An edentulous mandibular test model simulating a severely resorbed ridge was fabricated from a heatpolymerizing acrylic resin (Acron clear, GC Corporation, Tokyo, Japan) (Fig. 2) . No undercuts were left in this model. The surface of the denture bearing area was replaced by a 2-mm-thick layer of a silicone impression material (Examixfine regular type, GC Corporation), which served as artificial mucosa. The elastic modulus of silicone materials was reported to be in the same range with that of the oral mucosa 24) . Two implants (Replace Select Tapered, Nobel Biocare), 4.3 mm in diameter and 13 mm in length, were placed parallel to each other in the canine regions at a distance of 22 mm, similar to the distance between two natural canines 25) , and fixed using an autopolymerising resin (Repairsin clear, GC Corporation).
Four uniaxial strain gauges (SKF23441, Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) were attached to the mesial, distal, buccal and lingual sides of the resin surface adjacent to the left implant (Figs. 3, 4 ) and connected to a sensor interface (PCD300A, Kyowa Electronic Instruments Co., Ltd.).
Experimental overdentures
Three identical experimental overdentures were fabricated from a multipurpose pourable resin (Procast DSP clear, GC Corporation) (Fig. 2) . Three metal hooks were attached to the buccal surface of each experimental overdenture in the mid-anterior and bilateral molar regions for chains used in dislodging tests. The denture parts of the attachment systems were incorporated into the mucosal surfaces of the experimental overdentures using an autopolymerising resin (Unifast III, GC Corporation).
Dislodging tests
Overdenture dislodgements were performed using a universal testing machine (Instron model 5544, Instron Corporation, Norwood, MA, USA). The crosshead speed was 50 mm/min, as this has been reported to approximate the speed of the movement of the denture away from the ridge in vivo 26) . Three types of dislodgement were performed: vertical dislodgement with three chains attached to the hooks in the mid-anterior and bilateral molar regions; anterior dislodgement with one chain attached to the hook in the mid-anterior region; and posterior dislodgement with two chains attached to the hooks in the bilateral molar regions (Fig. 5) . The maximum values from the sum of the absolute values of the recordings from the four strain gauges (strain), used as an indicator of the stress generated in the peri-implant bone, and maximum load needed to dislodge the experimental overdenture from the mandibular test model (retentive force) were calculated.
Five measurements each were performed in three types of dislodgement with three attachment systems, respectively. A total of 45 dislodgements were conducted for all three attachment systems.
Loading tests
Loading was performed using the universal testing machine. Loads with a magnitude of 100 N, reported as a moderate level of biting force on implant overdentures 27) , were applied to the experimental overdentures perpendicular to the occlusal plane. The loading points were left first molar region ipsilateral to the strain gauges (L), right first molar region contralateral to the strain gauges (R) and mid-anterior region (A) on the occlusal surface (Fig. 2) . The maximum values from the sum of the absolute values of the recordings from the four strain gauges (strain) were calculated. Five measurements were performed at each of the three different loading points with three attachment systems, respectively. A total of 45 loading tests were conducted for all three attachment systems.
Statistical analysis
The retentive forces and the strains obtained during dislodging tests and loading tests were compared using a one-way ANOVA and Tukey HSD test to identify statistically significant differences between the three attachment systems. In addition, retentive forces and strains during dislodging tests were compared using a one-way ANOVA and Tukey HSD test to identify statistically significant differences between the three types of dislodgement. All statistical analyses were performed using statistical analysis software (SPSS version 16.0, SPSS Inc., Chicago, IL, USA) and a p value<0.05 was considered significant.
RESULTS
The retentive forces are shown in Table 1 . The bar attachment showed the highest retentive force, while the magnetic attachment showed the lowest, during every type of dislodgement. A statistically significant difference was found between all attachment systems (p=0.000). In Table 1 Mean retentive force (N) in dislodging tests addition, all attachment systems showed the highest retentive forces during vertical dislodgement, followed by anterior dislodgement and posterior dislodgement. A statistically significant difference was found between all types of dislodgement (p<0.01), except between vertical dislodgement and anterior dislodgement with the ball attachment and magnetic attachment. Strains in dislodging tests are shown in Table 2 . During vertical dislodgement, the bar attachment caused the largest strain, followed by the ball attachment and the magnetic attachment, with a statistically significant difference between all attachment systems (p=0.000). During anterior dislodgement, the magnetic attachment showed significantly smaller strain than the bar attachment and the ball attachment (p=0.000). During posterior dislodgement, the ball attachment demonstrated the largest strain, followed by the bar attachment and the magnetic attachment, with a statistically significant difference between all attachment systems (p=0.000). With the bar attachment, vertical dislodgement showed the largest strain, followed by anterior dislodgement and posterior dislodgement, with a statistically significant difference between all types of dislodgement (p<0.01). With the ball attachment, vertical dislodgement showed larger strain than anterior dislodgement (p=0.024). With the magnetic attachment, no statistical significant difference in strain was detected between the three types of dislodgement.
Strains in loading tests are shown in Table 3 . When the left or right first molar regions (L, R) were loaded, the ball attachment showed the largest strain, followed by the bar attachment and the magnetic attachment, with a statistically significant difference between all attachment systems (p=0.000). When the mid-anterior region (A) was loaded, the magnetic attachment showed the largest strain, followed by the ball attachment and the bar attachment, with a statistically significant difference between all attachment systems (p<0.01).
DISCUSSION
The bar attachment was most retentive, while the magnetic attachment was least retentive, during every type of dislodgement. This is in agreement with other studies [28] [29] [30] [31] . All attachment systems showed significantly lower retentive forces during anterior and posterior dislodgement compared to those during vertical dislodgement. Retentive forces of ball attachments with gold caps 32) and magnetic attachments 33) in the oblique direction were reported to be lower than those in the vertical direction, which corresponds with the results of the present study.
Stress generated in the peri-implant bone during overdenture dislodgement has not been investigated in detail. During vertical dislodgement, the bar attachment showed the largest strain around the implant, followed by the ball attachment and the magnetic attachment. This order was the same as that of retentive forces during vertical dislodgement. Therefore, retentive forces of attachment systems probably affect stresses generated in the peri-implant bone during vertical dislodgement. With the bar attachment, the largest strain was measured during vertical dislodgement, followed by anterior dislodgement and posterior dislodgement. Although strain during vertical dislodgement with the bar attachment was the largest, dislodging the overdenture by holding the posterior region upwards reduced this strain. Therefore, implant overdentures retained by bar attachments should be removed with caution when osseointegration is not complete, as in immediate loading. The ball attachment showed relatively large strain during every type of dislodgement. The magnetic attachment exhibited the smallest strain during overdenture dislodgement among all types of attachment systems. For this reason, the magnetic attachment may be the most appropriate attachment system for the purpose of reducing the stress generated in the peri-implant bone during overdenture dislodgement.
Strains generated in the peri-implant bone when occlusal force was applied at the molar regions (L, R) were the largest with the ball attachment, followed by the bar attachment and the magnetic attachment. Bar attachments were reported to compensate for the resilience of the oral mucosa by free rotation of overdentures under occlusal forces, and this rotation reduces the stress transmitted to the implant 34) . Cekiç et al. reported that bar attachments caused smaller strain to the peri-implant bone under occlusal force than ball attachments with gold caps because of rigid splinting of implants 22) . With the magnetic attachment, occlusal forces to the molar regions (L, R) caused sinking of the overdenture in the loading-side molar region, thus detaching the magnetic assemblies from the keeper constructions, especially on the nonloading side. As a result, the magnetic attachment caused the smallest strain under loading at molar regions (L, R). On loading at the mid-anterior region (A), the magnetic attachment exhibited significantly larger strain than the other two attachment systems because the planar contacts between the flat type magnetic assemblies and keeper constructions were retained. Therefore, in terms of stress generated in the peri-implant bone under occlusal force, in immediate loading, bar attachments and magnetic attachments seem to be more advantageous than ball attachments with gold caps.
Forces to immediately loaded implants can easily disturb the osseointegration 14) and should be avoided. In terms of retentive force and stress, the bar attachment, showing the highest retentive force and comparably smaller strain under occlusal force, was suggested to be an effective attachment system, especially in immediate loading. Setz et al. suggested that a retentive force of 20 N would be sufficient for overdentures in the edentulous mandible 35) , and only the bar attachment showed a retentive force greater than 20 N in the present study. Stress generated in the peri-implant bone during overdenture dislodgement with the bar attachment can be reduced by holding the posterior region upwards. Meanwhile, the actual selection criteria for attachment systems in immediate loading of implants supporting mandibular overdentures are more complex. Freestanding attachments can be incorporated into the overdenture intraorally immediately after implant placement, and free-standing attachments are more advantageous than bar attachments which require impression taking and laboratory work. The ball attachments with the gold caps exhibited large strain during dislodgement and loading, and restricted removal of the overdenture and prohibition of chewing hard food may be necessary in immediate loading of implants supporting overdentures retained by ball attachments with gold caps. The magnetic attachment showed the lowest retentive force and the smallest strain during dislodgement and loading. Therefore, immediate loading of implants supporting mandibular overdentures with magnetic attachments seems to be an undeniable treatment option, especially in cases requiring low degree of retentive force from attachment systems.
